Abstract Introduction: In the setting of persistent knee instability despite appropriate ligament balancing for primary total knee arthroplasty, most surgeons advocate the use of an implant with increased articular constraint. These implants are commonly supplemented with stem extensions to improve stress transfer and decrease the risk of aseptic loosening. However, disadvantages exist with the use of stem extensions, including increased cost, intramedullary invasion, and diaphyseal pain. The objectives of this study were to (1) compare the clinical results as assessed by the Knee Society, Hospital for Special Surgery, and SF-12 scores, (2) determine the incidence of failure as defined by the need for a revision procedure, and (3) to analyze the causes or modes of failure of a nonmodular constrained condylar knee without the use of stem extensions versus a conventional, posterior-stabilized design. Materials and Methods: From 2002 to 2007, 190 TKAs were implanted using a primary, nonmodular constrained (NMC) prosthesis without stem extensions. During the same time period, clinical data were available for 140 TKAs implanted using a standard, posterior-stabilized (PS) design. Preoperative demographic data was reviewed, in addition to the rate and reason for revision in each cohort. Clinical data included HSS, Knee Society, and SF-12 scores at the latest follow-up, and the results of the NMC and PS cohorts were statistically compared using a Student's twotailed t test. Results: The mean age of patients in the NMC cohort was 72.3±10.2 years, and the mean length of follow-up was 7.3±2.1 years. The mean age of the PS cohort was 67.1± 8.7 years, with a mean follow-up of 6.1±2.2 years. No statistically significant differences in the HSS, Knee Society, or SF-12 scores were appreciated between the two cohorts. The revision rate in the NMC cohort was 4.2 % compared to 4.3 % for the PS cohort. The most common cause of failure in the NMC cohort was femoral component loosening, all of which occurred when Palacos cement was used for fixation. NMC components (55.6 %) implanted with Palacos cement failed due to femoral component loosening. In contrast, all PS components requiring revision were revised for persistent instability. Discussion: At mid-term follow-up, NMC prostheses without stem extensions have excellent clinical results and are a viable option for patients with ligamentous instability. The use of Palacos cement in this scenario was associated with a high rate of femoral component loosening, possibly due to the decreased intrusion depth of Palacos when compared to Simplex cement.
Introduction
Achieving knee joint stability in total knee arthroplasty (TKA) is crucial for both postoperative function and implant longevity. In a retrospective review of 440 patients who required revision surgery within 5 years of their index arthroplasty, 27 % were revised due to instability [6] . In the setting of a mild to moderate preoperative deformity, ligament balance in both flexion and extension can often be achieved via appropriate soft tissue balancing and subperiosteal releases, and thus, a posterior cruciate-retaining or a posterior cruciate-substituting knee can safely be implanted. However, in patients with persistent instability, whether secondary to severe preoperative deformity, bone loss, or poor tissue quality, an implant with increased articular constraint is often required [17] .
The goal of increased articular constraint is to limit varus-valgus and torsional moments and thus provide increased stability to the knee. This is typically achieved via an implant with a tibial post that fits intimately between the femoral condyles and anterior to a nonlinked cam in the femoral component [1] . This increased constraint allows fewer degrees of motion versus a standard, posterior-stabilized implant, the extent of which varies among different implant designs. However, the use of increased articular constraint raises concerns of early implant loosening due to increased stress transferred to the bone-implant interface. Thus, most surgeons advocate the use of stem extensions with constrained components in order to distribute load from the bone-implant interface to the diaphyseal portions of the tibia and femur [2] . Constrained condylar knee (CCK) implants with stem extensions have shown good to excellent results in several studies in both the complex primary and revision TKA setting [5, 7, 10] . Easley et al. [5] reviewed the results of 28 primary CCK knees with noncemented stem extensions at a mean follow-up of 7.8 years and noted a mean improvement in Knee Society score from 27.4 preoperatively to 95.2 at latest follow-up, with no incidence of radiographic loosening or prosthetic failure.
However, disadvantages exist with the use of stem extensions, including increased cost, intramedullary invasion and possible embolization, difficulty of removal and additional bone loss in the revision setting, and a reported incidence of 15-20 % of leg and thigh pain near the tips of the stems [3, 4, 7, 17] . Therefore, the use of constrained condylar knee implants without stem extensions has been implemented, and clinically, they have shown reliable short-to mid-term results [1, 2, 13, 17] . Anderson et al. [2] reviewed 192 constrained condylar knee arthroplasties without the use of diaphyseal stem extensions at a mean follow-up of 47 months and noted an increase in Knee Society Score from 36 to 89 points postoperatively, with a failure rate of 2.5 %. However, the results of that study were compared only to historical controls. The objectives of this study were to (1) compare the clinical results as assessed by the Knee Society, Hospital for Special Surgery, and SF-12 scores, (2) determine the incidence of failure as defined by the need for a revision procedure, and (3) analyze the causes or modes of failure of a nonmodular constrained condylar knee without the use of stem extensions versus a conventional, posterior-stabilized design.
Materials and Methods
From 2002 to 2007, 181 consecutive patients (65 male, 116 female: 36 % male) undergoing primary total knee arthroplasty were enrolled in an Institutional Review Board-approved database of a single surgeon (CNC). Nine patients underwent bilateral TKAs, for a total of 190 knees (91 right and 99 left). All patients received a primary nonmodular constrained (NMC) prosthesis without stem extensions ( Fig. 1) (Exactech, Inc., Gainesville, FL, USA). This type of constrained condylar implant was used to provide inherent knee stability in older patients with severe deformity and compromised collateral ligaments (Fig. 2 ). These patients typically had a more severe preoperative varus/valgus deformity (although no specific alignment cutoff was instituted), were older in age, and were more difficult to achieve intraoperative ligament balancing versus patients who received a conventional, posterior-stabilized design. The design of the nonmodular implant implements a femoral box that is 2 mm deeper than the box of a standard, posterior-stabilized design. A higher, more squared, tibial post is then implanted, which increases varus/valgus and anterior/posterior stability. The specific implant used in this study is called "nonmodular" as the femoral component does not allow for the use of stem extensions or metal augments. The tibial component has a standard 5-cm stem, with modularity in the thickness of the polyethylene, and the post is reinforced by a screw to increase its resistance to bending [17] .
During the same time period, clinical data on 133 patients (44 male, 89 female: 33 % male) undergoing primary total knee arthroplasty who received a standard, posterior-stabilized (PS) TKA by the same surgeon were available for review (Fig. 3) . Seven patients underwent bilateral TKAs, for a total of 140 knees (76 right and 64 left). Therefore, a cohort of 190 NMC knees and 140 PS knees were available for clinical review and comparison.
Preoperative demographic data collected included the patient's age, body mass index, and primary diagnosis. Standing anteroposterior (AP) knee radiographs were obtained for each patient, from which the lower extremity tibiofemoral anatomic alignment was measured (in degrees). The mean age of patients who received NMC prosthesis without stem extensions was 72.3±10.2 years at the time of surgery, with a mean body mass index (BMI) of 30.9± 7.1 kg/m 2 . One hundred eighty patients had a primary diagnosis of osteoarthritis, six post-traumatic arthritis after a tibial plateau fracture, three rheumatoid arthritis, and one gonococcal arthritis. The mean preoperative alignment for patients with a varus deformity was 10.2°±5.4°, and for patients with a valgus deformity was 15.5°± 5.1°. The mean length of follow-up for the NMC cohort of patients was 7.3±2.1 years (minimum, 3.8 years; Table 1 ). The mean age of patients who received a standard, PS prosthesis was 67.1±8.7 years, which was a significantly different compared to the NMC cohort (p=0.04). The mean BMI of these patients was 31.3±5.7 kg/m 2 , which was not significantly different than the NMC cohort (p=0.74). One hundred thirty-five patients had a primary diagnosis of osteoarthritis, four had post-traumatic arthritis following a tibial plateau fracture, and one had a history of a prior high tibial osteotomy for varus malalignment. The mean preoperative alignment for patients with a varus deformity was 7.1°±4.5°, and for patients with a valgus deformity was 6.1°±3.6°. The differences in preoperative alignment between the PS and NMC groups were statistically significant for both the preoperative varus (p=0.03) and valgus (p=0.01) patients. The mean length of follow-up for the PS cohort of patients was 6.1±2.2 years (minimum 3.6 years).
All procedures were performed using a straight skin incision and midvastus surgical approach by the senior author (CNC). An extramedullary tibial cutting guide was used to create a resection perpendicular to the anatomic axis of the tibia, while an intramedullary alignment guide was used to perform the anterior rough cut and distal femoral resection. For knees with a preoperative varus alignment, the distal cut was made in 5°of valgus relative to the anatomic axis of the femur, while in knees with a preoperative valgus alignment, the distal cut was made in 2°of valgus relative to the anatomic axis of the femur. In all cases, rotation of the femoral component was set relative to Whiteside's line [19] . In each case, the femoral, tibial, and patella components were implanted using cement, and the patella was resurfaced using an all-polyethylene, 3-pegged button. The type of implant (NMC vs. PS), and the type of cement (Simplex, Stryker Inc., Mahwah, NJ, USA vs. Palacos, Zimmer Inc., Warsaw, IN, USA) was recorded. During cementation of the femoral component, cement was directly applied to the undersurface of the posterior femoral condyles and surrounding the box of the implant, with additional cement applied directly to the bony surfaces corresponding to the anterior flange and distal condyles. During cementation of the tibial component, cement was applied directly to the undersurface of the tibial tray, with additional cement placed on the proximal tibia. Of the patients who received NMC prostheses, nine were implanted using Palacos cement, while 181 were implanted using Simplex. Of the patients who received standard, PS prostheses, 21 were implanted using Palacos and 119 using Simplex.
At each patient's most recent follow-up visit, standing anteroposterior, lateral, and Merchant view knee radiographs were obtained [12] . Postoperative tibiofemoral alignment was recorded. In addition, patients were clinically examined and questioned to obtain Knee Society (KSS) [8] , Hospital for Special Surgery (HSS) [20] , and mental and physical components of the SF-12 score. If a patient required a revision surgery, the revision diagnosis was recorded. Statistical comparisons of the pre-and postoperative clinical data between the two cohorts were performed using a Student's two-tailed t test. Statistical significance was set at p<0.05.
Results
The mean postoperative radiographic alignment in the coronal plane was 4.2°±2.0°of anatomic valgus for the NMC cohort and 3.5°±2.8°of anatomic valgus for the PS cohort, a difference that was not statistically significant (p=0.07). There was no difference in clinical outcome as measured by the KSS, HSS, or the mental and physical components of the SF-12 score at the latest follow-up when the two designs were compared. At the most recent follow-up, the mean HSS Score was 87.7±9.7 in the NMC group and 87.0±13.0 in the PS group (p=0.19), and the mean KSS Score was 87.7±14.5 in the NMC group and 80.4±19.1 in the PS group (p=0.07) (Figs. 4 and 5 ). In addition, the mental component of the SF-12 score was 51.3±9.9 in the NMC group and 51.9±8.6 in the PS group (p=0.93), and the physical component of the SF-12 score was 41.4±10.5 in the NMC group and 43.8± 10.6 in the PS group (p=0.11) (Fig. 6) .
There was no difference in the incidence of failure (defined by the need for a revision surgery) when the two designs were compared, although the indications for revision between the NMC and PS cohorts demonstrated substantial differences. Eight out of 190 patients (4.2 %) who received a primary NMC implant without stem extensions required a revision surgery during the study period. Five patients were revised for femoral component loosening, one for infection, one for stiffness, and one for knee instability. Of note, all five patients revised for femoral component loosening had prostheses implanted using Palacos cement, and thus, five out of nine patients (55.6 %) who received NMC prostheses with Palacos cement were revised specifically for femoral component loosening. Six out of 140 patients (4.3 %) who received a standard, PS implant required a revision surgery during the study period. All six patients were revised due to persistent knee instability. There was no statistically significant difference in the BMI's of patients with NMC implants that required revision, or patients with standard, PS implants that required revision (31.2±6.0 kg/m 2 versus 28.8±4.3 kg/m 2 , p=0.48). 
Discussion
The objective of this study was to compare the clinical results at mid-term follow-up of a nonmodular constrained condylar knee without the use of stem extensions, to a conventional, posterior-stabilized design. In addition, the specific modes of failure and reasons for revision within each cohort were analyzed. This retrospective review demonstrates that at approximately 7 years follow-up, nonmodular constrained condylar knees without stem extensions for primary total knee arthroplasty demonstrate no statistically significant difference in clinical outcomes when compared to standard, posterior-stabilized implants. While the rate of revision was similar between the two cohorts, the modes of failure between the two groups were distinct, as the NMC implants were most commonly revised for femoral component loosening, and the PS implants were all revised for instability.
This study has several limitations that must be noted. First, it is a retrospective review of the results of a single surgeon, and thus, the applicability of these results may be limited. However, the success of NMC prostheses without stem extensions has been similarly reported by other studies [1, 2, 7] . In addition, while those prior studies compared their clinical results to historical controls, this study demonstrates that the NMC cohort performed similarly to the PS cohort at approximately 7 years follow-up. Another limitation is that no strict selection criteria were used to determine which patients would receive PS or NMC prosthesis. However, preoperative criteria are difficult to apply, as the decision to use NMC prosthesis without stem extensions is largely an intraoperative decision, based on the ability to achieve soft tissue balancing and stability of the knee. Lastly, longer follow-up is required to determine if the rate of aseptic loosening with the use of NMC prosthesis without stem extensions will increase in the future.
In this study, we evaluated 190 knees treated with constrained condylar implants without stem extensions for primary total knee arthroplasty, and the mid-term results are encouraging. There were no statistically significant differences in the Hospital for Special Surgery, Knee Society, and SF-12 scores between the NMC and PS groups at approximately 7 years follow-up, and the failure rate between the two groups was nearly identical (4.2 % NMC vs. 4.3 % PS). Anderson et al. [2] reviewed 192 NMC knees, at a mean follow-up of 47 months, and reported a mean Knee Society score of 89 points, and a failure rate of 2.5 %, with two failures due to infection, one for aseptic loosening, one for a supracondylar femur fracture, and one for a tibial post fracture. In our study, at slightly longer follow-up, the mean KSS score was 87.7±14.5 in the NMC group, similar to the results achieved in the study by Anderson et al. However, our NMC cohort did have an increased failure rate (4.2 %), most commonly due to femoral component loosening, and thus, extended follow-up is necessary to determine if aseptic loosening due to increased constraint and stress at the boneimplant interface becomes a more prevalent issue in the future. Of note, femoral component loosening with the use of the NMC implant without stem extensions has previously been reported in a case series of four patients [11] . We hypothesize that only femoral component loosening (and not tibial component loosening) was seen because the tibial component has a small stem that assists with stress transfer and increases stability of that component, while the femoral component does not have any stem attached.
Interestingly, the type of cement used during implantation of the NMC prosthesis seems to have an effect on fixation and mid-term survival of the implant. Twenty-one PS knees were implanted using Palacos cement in our review, none of which demonstrated clinically significant aseptic loosening at approximately 6 years follow-up. However, five out of the nine NMC prostheses implanted using Palacos cement required revision due to femoral component loosening, while aseptic loosening was not appreciated in any of the NMC prostheses implanted with Simplex cement. It is well known that the functional longevity of an implant depends on the fixation achieved at the bone-cement interface, and increased cement intrusion depth improves fixation of the implant. Clinically, based on its handling characteristics, Palacos cement appears more viscous than Simplex cement and requires an increased amount of time to harden. Rey et al., in a bovine cancellous model, assessed the difference in cement intrusion depth between Palacos cement and Simplex cement, at varying levels of injection pressure. They demonstrated that at 20, 40, and 60 lb/in.
2 of pressure, Palacos had a cement intrusion depth of 1.4, 2.4, and 2.8 mm, respectively, while at the same pressures, Simplex had an intrusion depth of 2.2, 4.2, and 5.0 mm, respectively [15] . In addition, Jasty et al. [9] demonstrated that the total porosity and mean pore sizes of Palacos cement were inferior to that of Simplex, as Palacos maintained larger pore sizes despite centrifugation, possibly compromising its mechanical strength and decreasing its fatigue life. Therefore, we hypothesize that the decreased intrusion depth of Palacos and its susceptibility to fatigue, combined with the increased stress present at the bone-implant interface with implantation of a NMC prosthesis versus a standard, PS prosthesis, makes the NMC prosthesis susceptible to early, aseptic loosening. During revision surgery of the NMC prostheses implanted with Palacos cement, there was often debonding of the cement from the bone, with cement remaining fixed to the femoral component (Fig. 7) . Based on this study, the senior author now only implants NMC prostheses without stem extensions using Simplex bone cement.
While the NMC prostheses in our study were most commonly revised due to femoral component aseptic loosening, all six PS prostheses were revised due to persistent knee instability. Instability after both posterior cruciate-substituting and posterior cruciate-retaining total knee arthroplasties is a well-documented complication [14, 16, 18] . While the NMC prostheses without stem extensions in our study demonstrated excellent clinical results, a conventional, posterior-stabilized total knee arthroplasty remains the prosthesis of first choice, as it has an excellent long-term experience, and provides less constraint. However, instability after implantation of PS prosthesis is a concern, and thus, NMC prosthesis without stem extensions is a promising alternative when concerns of instability remain, especially in the older, lower demand patient.
While this study demonstrates that NMC prostheses without stem extensions have excellent clinical results at mid-term follow-up, it must be stressed that appropriate ligamentous balancing and attempting to use the least amount of constraint possible remain important tenets of total knee arthroplasty. Furthermore, the use of a prosthesis with greater constraint increases the loads seen at the boneimplant interface. Therefore, in patients with significant osteopenia or poor bone quality, a constrained condylar system with the use of stem extensions should be considered. In conclusion, this study demonstrates that NMC prostheses without stem extensions can achieve the same clinical results at mid-term follow-up as conventional, PS prostheses. In addition, the authors caution the use of Palacos cement when implanting NMC prosthesis, as this may be associated with early aseptic loosening of the femoral component. However, it must be stressed.
